Introduction
Legume functional genomics has moved many steps forward in the last two decades thanks to the improvement of genomics technologies and to the efforts of the research community. Tools for functional genomics studies are now available in Lotus japonicus, Medicago truncatula and soybean. In this chapter we focus on M.truncatula, as a model species for forage legumes, on the main achievements obtained due to the reported resources and on the future perspectives for the study of gene function in this species.
Why do we need a functional genomics tool for forage legumes?
Legumes are widely grown for grain and forage production, their world economic importance being second only to grasses. Legume species are unique among cultivated plants for their ability to carry out endosymbiotic nitrogen fixation with rhizobial bacteria, a process that takes place in a specialized structure known as nodule. Moreover legumes are able to establish other types of interactions such as arbuscular mycorrhyzal symbiosis with several fungi. For these outstanding biological properties legumes are considered among the most promising species for improving the sustainability of agricultural systems. In fact for farming system to remain productive and to be environmentally and economically sustainable on the long term it is necessary to replenish the reserves of nutrients which are removed or lost from the soil. Nodulating legumes have the potential to provide all nitrogen required for their growth and in this way to influence its balance in the soil and thus its availability for subsequent crops. In addition by reducing the inputs of fertilizers, legumes reduce the risk of nitrogen contamination of water resources. Furthermore, probably due to the wealth of interactions with other organisms, legumes have evolved an intricate network of secondary metabolites 384 inbred lines of M.truncatula with a 5x coverage and a subset of 30 with deep coverage (20x) will be resequenced through an Illumina-Solexa sequencing pipeline by the Medicago HapMap Project. In the first report on the analysis of sequence data from 26 M.truncatula accessions with ~15x average genome coverage, 3,063,923 mapped single nucleotide polymorphisms (SNPs) were described and first estimates of nucleotide diversity (θw =0.0063 and θπ =0.0043 bp−1), population scaled recombination rate and rate of decay of linkage disequilibrium have been published (3) . More recently the same material was used to estimate population recombination rates at 1 kb scale and very interestingly in the three chromosomes analysed recombination was higher near centromeric regions in stark contrast to what observed in every non-plant system and in the majority of plants that show a negative gradient of recombination from telomeric to centromeric regions (4).
In parallel, plant phenotyping is ongoing in greenhouse experiments for the Medicago lines. The combination of genetic and phenotypic data will be organized in a platform for genome-wide association mapping (GWAS) studies.
Functional genomics in Medicago truncatula
The discovery of gene function in model species is accomplished by exploiting resources such as mutant collections, using the ability to implement plant genetic transformation and analyzing gene transcription. In M. truncatula all the three approaches can be performed.
Several strategies were pursued in M. truncatula to produce mutant collections (Tab. 1) and they will be analysed in the following section. Table 2 . Medicago truncatula mutants. Nodulation phenotypes: Nod++ = hypernodulator, Nod+ = wild type nodulator, Nod± = reduced nodulation, Nod-= lack of nodules, Nod-/+ = late nodulation. Nitrogen fixation phenotypes: Fix+ = wild type, Fix-= no fixation. Mychorrhization phenotypes: Myc+ = wild type, Myc-= absent or reduced mychorrhizas, Myc-/+ = mix of normal colonization and events of formation only of appressoria with no intercellular hyphae developing from them, Myc++ = hyper responsive to mychorrhization. Nts = nitrate tolerant nodulation. EIN = ethylene insensitive.
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"Delete a gene" collections
Irradiation of plant seeds to appropriate dose of fast neutrons and γ-rays results in deletion of DNA fragments of variable lengths with an average modest reduction of seed viability.
Large mutant collections by seed irradiation have been created for Medicago truncatula functional genomics studies. Although the first experiments were based on γ-ray irradiation of the Jemalong J5 seeds (6) the main body of the collection was obtained by Fast Neutron Bombardment (FNB) of the genotype A17. Globally the two larger collections, stored at the John Innes Center and at the Noble Foundation, consist of about 616,000 M2 FNB families.
Both reverse and forward genetic approaches have been successfully applied to study mutants from these collections. However map-based cloning required to discover the mutation of interest is helped by strategies such as transcriptional cloning, originally devised by Mitra R M et al. (54) , which has allowed the identification of FNB induced mutations (see Table 3 ). This approach relies on the identification of mutated genes through detailed genome-wide transcriptomic analyses. Also genome-wide analyses of FNB mutant are expected to benefit of the recent development of a Medicago truncatula genome-wide tiling array by Nimblegen. A list of
Medicago truncatula FNB mutants characterized by forward genetics approaches is reported in Table 2 .
Insertional mutagenesis with DNA mobile elements

Tnt1
T-DNA tagging has been the strategy of choice for many mutant collections in Arabidopsis and it has allowed fundamental discoveries in gene functions and advances in both basic and applied plant research (55). Unfortunately only Arabidopsis can be transformed easily by the floral-dip method which allows the generation of large numbers of mutants in a costeffective manner. Up to now transformation for the other plant species including M. truncatula can only be achieved by tissue culture-based protocols requiring great efforts to produce the number of mutants that would allow a significant genome coverage. An interesting strategy has been recently published in the legume Lotus japonicus based on the endogenous retrotransposon LORE1 (56;57). LORE1, originally activated via tissue culture, retained its activity for some regenerated plants in the subsequent generations. Based on such discovered germline activity, tagged M1 mutant collections were produced by seed propagation from activated starter lines (M0) (57;58).
In M.truncatula large scale collections of mutants have been constructed using the tobacco Tnt1 retrotransposon. d'Erfurth and colleagues have demonstrated that in the Medicago truncatula R108 genotype, this element has the ability to transpose during the early steps of in vitro regeneration (10) with a high rate of insertion in transcribed genomic regions. Sequence analyses of insertion sites has showed the virtual absence of insertion site preference. The average amount of new insertions per regenerated line was calculated in the order of ~25. Based on these data it was shown that a collection of 14-16.000 Tnt1 lines will store tagging events for about 90% of M.truncatula genes (13). Such an ambitious objective has been pursued by working on two Medicago truncatula lines.
The collection maintained at the Noble Foundation (http://bioinfo4.noble.org/mutant/) which includes also the first mutants generated by CNRS in France, is based on the genotype R108-c3. Another collection of about 1000 lines from the same R-108 line was produced by CNR-IGV in Italy.
In the framework of the GLIP project 8000 Tnt1 mutants were produced from the Jemalong 2HA (2HA3-9-10-3) line. The GLIP collection is maintained by the various labs that participated to the project and a subset of plants were merged with the collection at the Noble Foundation.
Iantcheva and colleagues reported that Tnt1 transposition efficiency in Jemalong 2HA has a lower efficiency with only 10-15 new insertions per line and a variable percentage of regenerated plants without transposition (16) . The adoption of 2HA line for mutagenesis instead of R108, was motivated by the highest DNA homology to the line used for genome sequencing (Jemalong A17), and for the presence of active and characterized endogenous retroelements (59).
Tnt1 mutant collections have been screened with both forward and reverse genetic approaches. Forward approaches have been based on cloning of host sequence flanking the insertion sites and subsequent identification of events linked to the studied mutation. Based on the duplicated Tnt1 long terminal repeats (LTR) sequences several molecular approaches including thermal asymmetric interlaced (TAIL)-PCR, Inverse-PCR have been used to recover the host sequences flanking the insertion sites (60). Segregation analysis of each cloned insertion site can then be used to select the event linked to the mutation. In alternative the insertion sites associated with the mutations can be selected by segregation analysis prior to host sequence cloning by employing a sequence specific amplification polymorphism (S-SAP) based protocol.
Confirmation of the identity of the mutation can be obtained by means of complementation tests based on the reintroduction of the wild type gene sequence in the mutated background. In alternative one could obtain independent alleles of the target gene and compare their similarity to the original mutant phenotype. This can be done using TILLING and Tnt1 mutant populations as demonstrated by many publications that report successful recovery of alleles by reverse screening (61) and Table 3 . The power of the Tnt1 mutagenesis approach is also witnessed by the prevalence of publications reporting successful gene cloning based on such strategy compared to the others since 2008 ( Table 3 . Medicago genes characterized using mutants.
RNAi and VIGS
Reverse genetics studies in Medicago truncatula did not only take advantage of the many mutant populations available but also of techniques based on post-transcriptional gene silencing (PTGS). In this case plants are transformed with a construct that will produce double-stranded RNAs that will guide sequence-specific mRNA degradation of the target gene. The phenotype of the transformed plants can gradually vary from wild type to knock-out thus many transformants are needed to obtain the desired effect. Mild effects can be beneficial in case of essential genes whose complete loss-of-function may cause lethal phenotypes. RNAi in M.truncatula has been extensively used to study gene function but it has not been a matter of a functional genomics approach as for Arabidopsis and the AGRIKOLA collection (80 
Perspectives
Functional genomics of forage legumes started with the aim of determining the molecular and genetic bases of nitrogen fixation and since the beginning mutant collections have been thoroughly screened also for mycorrhyzal symbiosis. These aspects are still being investigated and we expect that many more results will be published in the next years. A better understanding of nitrogen fixation and symbiosis is fundamental for the development of a sustainable agriculture aiming at a reduction of inputs and at maintaining soil fertility. Nitrogen (N) is one of the crucial nutrients for all organisms including plants. The doubling of world food production in the past four decades was contributed by a sevenfold increase of N fertilization (115) . The anthropogenic N which is mostly lost to air, water and land affects climate, the chemistry of the atmosphere, and the composition and function of terrestrial and aquatic ecosystems (116) . Improving the ability of plants to exploit environmental nitrogen would decrease N fertilization and its negative consequences; therefore a deep understanding of legume symbiosis with nitrogen fixing bacteria could help the long term goal of transferring the associative ability of legume species to nonsymbiotic crops of agronomic relevance. As a consequence functional genomics of nodulation will have an impact on reduction of intensive agriculture practices with benefits for the preservation of environment and quality of human activities.
Another positive role for legumes in an environmental perspective is addressed by species such as Lotus spp. that have strong adaptive characteristics making them good candidates for restoration and phytoremediation of degraded environments (117) . This happens in the Flooding Pampa (Argentina) where the presence of proteinaceous forages was reestablished by the introduction of L. tenuis, being the other legume species reduced by the harsh environmental condition.
Pastures and feedstuff including forage legumes have a higher quality compared to those based only on grasses and provide an important input of protein in animal nutrition. More recently public and scientific debate has reassessed forage legumes importance for the quality of livestock nutrition and welfare has having relevant consequences on the quality of final products (meat, milk etc.) and ultimately on human health. This happened because of the occurrence of bovine spongiform encephalopathy (BSE) related to the traditional use of offal in animal feed lots as a source of protein.
Functional genomics in M.truncatula proved useful in the study and comprehension of many aspects of plant development and plant secondary metabolism that could not be discovered in earlier models such as Arabidopsis. The availability of genomics tools in an increasing number of species has the effect of widening the possibility of new discoveries in the field of plant biology. Worth mentioning the recent advances in understanding compound leaf development and zygomorphic flower ontogeny based on the analysis of several mutants in M.truncatula .
Living organisms, and among them plants, can be considered as an abundant and diverse set of biofactories with the ability to synthesize an enormous variety of chemical compounds. Legumes contain chemicals that can prove useful for their anti-oxidant, antiviral, anti-microbial, anti-diabetic, anti-allergenic and anti-inflammatory properties (118) . These properties are related to secondary molecules such as flavonoids and saponins.
Modest levels of protoanthocyanidins (PAs) in forages reduce the occurrence of bloat and at the same time promote increased dietary protein nitrogen utilization in ruminant animals (119) . The lack of PAs in the leaves of the major forage legume such as alfalfa has prompted studies for the understanding of the molecular and cellular biology of PA polymerization, transport, and storage helped by the functional genomics tools available for M.truncatula. Recent positive achievements were obtained by biotechnological strategies based on the overexpression of MYB transcription factors that induced PAs accumulation in both alfalfa and clover leaves (79) .
In addition to well-known beneficial properties of flavonoids (cit) recent evidence suggests that flavonoids themselves, particularly fractions rich in PAs, can significantly reduce cognitive deterioration in animal model systems (120) (121) (122) , and may more generally promote improvements in memory acquisition, consolidation, storage, and retrieval under nondegenerative conditions.
In Chinese medicine one of the oldest herbal medicine was obtained by the roots of the legume plant licorice (Glychyrriza glabra).containing the triterpenoid saponin glychyrrizin exhibiting a wide range of pharmacological activities. Cytochrome P450 monooxygenases were proved to be responsible for synthesis of glychyrrizin via oxidative steps based on biochemical experiments (123).
In forage legumes saponins can be toxic to monogastric animals and reduce forage palatability for ruminants. Mutant analysis in M.truncatula has unveiled the genetic control of key biosynthetic steps for saponins related to oxidation and glycosilation (49;124), opening possibilities of biotechnological manipulation of saponins in alfalfa.
Both human and animal nutritional science are bound to profit from plant genetic analysis and nutritional genomics, opening possibilities to more personalized approaches to medicine and improvement of the quality of life.
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